A full con® guration interaction study on the BH molecule is presented. The potential energy curves of 20 di erent electronic states have been calculated correlating the four valence electrons. On the two most important states, i.e. the X 1 R + and A 1 P states, a complete study has been performed. This includes the e ect of core electron correlation, estimated via truncated con® guration interaction techniques. The dissociation energy of the molecule in the two states and the height of the predissociative barrier in the A 1 P state have been determined with basis sets of increasing quality.
Introduction
The BH molecule has been widely studied both by experimentalists and theoreticians, and a large quantity of data on the spectroscopic properties of various electronic states is available. Nevertheless it appears that, in some cases, the experimental and theoretical results are inconsistent, and it is thus interesting to perform calculations on a small system like this. In this paper a comprehensive study on the BH molecule at the full con® guration interaction (FCI) level is presented. Twenty di erent electronic states of the molecule were studied at the FCI level, correlating the four valence electrons, and the electronic potential curves for all of them were determined. The results obtained at this level give useful information on the behaviour of the molecule in its di erent states, and can also be used as benchmarks to test approximate methods.
We then concentrated on the X 1 R + ground state and the A 1 P state, which is of considerable interest to both spectroscopists and quantum chemists because it has a barrier to dissociation, and performed FCI and stringtruncated con® guration interaction (TCI) calculations with basis sets of increasing quality, including the core± electron correlation. The results obtained with the largest basis set are of high accuracy and can be compared to experiment. The determination of the dis- + to the A 1 P state [2] , which presents an outer repulsive barrier. By combining this result with an early theoretical estimate [3] of the height of the maximum (H b ) in the A 1 P state (3 . 7 kcal mol -1 ), the value of D 0 reported by Huber and Herzberg is obtained. To compare this value with the theoretical prediction, the zero-point energy E 0 must be added (D e = D 0 + E 0 ). The harmonic approximation of E 0 , derived from the experimental force constant x e = 2367 cm -1 , is of 3 . 42 kcal mol -1 , while an accurate computation by Botschwina gave E 0 = 3 . 36 kcal mol -1 [4] . In any case the value D e = 82´3 6 0 . 4 kcal mol -1 is obtained. We note that an upper limit for D e can be derived from the experimental data assuming a zero height for the barrier in the A 1 P state, and this is 86 . 0 6 0 . 4 kcal mol - 1 .
On the experimental side, there have been several other investigations on these two electronic states of BH. Among the most recent works, Gustafsson and Rittby [5] (1)
In this way, the experimental value of the dissociation energy of H 2 can be used to correct the corresponding ab initio value, reducing the error due to the incompleteness of the basis set of H [9] . states and computed numerically the dissociative vibrational states to obtain the transition dipole moments of the discrete and continuum spectra. They have also determined the adiabatic and diabatic curves of the lowest 1,3 R + states of BH [16] , namely the ® rst four singlets and the ® rst three triplets. The ® rst four singlet 1 R + states have been investigated also by Broeckhove et al. [17] . They obtained the potential curves by SCF-CI calculations and showed that these states have strong non-adiabatic couplings, resulting in a complex topology of avoided crossing regions and double well potentials.
The double-minimum B 1 R + electronic state of BH has been studied by several authors [18± 24]. In the computation of the boron quadrupole coupling constants of the rovibrational levels of this state, S Ï avrda et al. [24] noticed that the double-minimum character of the potential profoundly in¯uences the rovibrational dependence of these coupling constants.
Other studies, both experimental and theoretical, on some di erent states have also been performed. Pederson and co-workers [25] , studied the decay of the b -« a 3 P n t = 0 sequence. Then the experimental lifetimes were compared with values obtained from a theoretical treatment of the excited state dynamics. Boehmer and Benard [26] monitored the highly metastable a 3 P state for the ® rst time, directly by resonance absorption using a spin-allowed transition to the b 3 R -state.
Theoretical approach
Due to the small number of electrons of BH, this molecule can be studied by FCI techniques and a fairly large basis set, at least if only the four valence electrons are correlated. Using our FCI code, both in the scalar/vector version for IBM RISC and CRAY-C90 [27] , and in the parallel version implemented for CRAY-T3D [28] , we carried out some FCI calculations on 20 di erent electronic states of BH, correlating only the four valence electrons, and successively concentrated on the two most important ones, that is X 1 R + and A 1 P . On these two states we performed some FCI and TCI calculations, with a series of ANO-type basis sets of increasing quality, correlating all the six electrons. We used the ANO basis optimized by Widmark et al. [29] , that is a (14s9p4d3f )/[6s5p3d2f ] gaussian basis set on boron and (8s4p3d)/[4s3p2d] on hydrogen. In our largest calculations, we also added to this basis a (2g)/[1g] orbital on boron and a (2f )/[1f ] orbital on hydrogen.
The exponents for boron g orbitals (0 . 537 59, 0 . 215 03) have been obtained as a geometrical mean of the exponents of those of f orbitals on boron, and those for hydrogen f orbitals (1 . 150 44, 0 . 460 15) as a geometrical mean of those on d orbitals on hydrogen. The ® rst contraction coe cient on both atoms was set equal to 1. The second one for boron (0 . 058) was optimized for atomic boron, while for hydrogen (0 . 224) was optimized for molecular H 2 at experimental equilibrium distance.
The TCI calculations [30] are based on a truncation criterion on strings, which allows for a reduction of the CI space with a minimum loss of accuracy. Each Slater determinant of the CI expansion can be viewed as the product of two strings collecting the a and b electrons, respectively [31] . The FCI space is thus the antisymmetrized tensor product S a Ä S b , where S a is the space spanned by all possible a strings constructed by using the given set of orbitals and the given number n a of electrons with a spin, and similarly for S b . In a TCI space we restrict S a and S b to be generated by the strings having an assigned level of excitation from a given set of reference strings. The price to pay for this simple truncation scheme is that the CI wave function is no longer an eigenfunction of the total spin operatorŜ 2 and hence presents some spin contamination, which is negligible in energy calculations, at geometries far from the dissociation limit.
In table 1 we report the information on basis sets used in the various calculations and the dimensions of the corresponding CI expansions. By comparing B1, B2, respectively, to B1 t , B2 t we notice that there is a reduction of the dimension of the CI expansions in going from the FCI to the corresponding TCI, respectively, of 80, 87%, and it indicates that this truncation technique allows the treatment of cases which are dimensionally prohibitive at the FCI level.
Low-lying state calculations
We investigated all the states of BH that dissociate to one of the ® rst ® ve dissociation limits of the molecule. These limits correspond to the hydrogen atom in its ground state 2 S(1s + have already been treated in several papers. The lowest P singlet, A 1 P , presenting the predissociative barrier, has been the subject of several studies, as already mentioned, the lowest a 3 P has been investigated by Boehmer and Benard [26] , and the b 3 R -has been studied by Pederson and co-workers [25] . All the remaining 1 P and 3 P , on the other hand, are investigated theoretically for the ® rst time in this study to our knowledge.
We performed a series of FCI calculations, with only the 4 valence electrons correlated, to determine the potential energy curves of these 20 electronic states of di erent symmetry. We used molecular orbitals (MOs) obtained by a valence complete active space (CAS)-SCF calculation for the ground state, with one doubly occupied or inactive MO (corresponding essentially to the boron 1s orbital) and ® ve active MO (deriving from boron 2s and 2p and hydrogen 1s orbitals). The preliminary CAS-SCF calculation was performed with the MOLPRO package of ab initio programs [32] . In the FCI calculation the 1s orbital was kept doubly occupied and frozen at the CAS-SCF level. The basis set used curve. We decided to perform some further calculations on these two states in which all six electrons were correlated, to take into account the 1s 2 correlation. Because of the huge size of the CI space, FCI calculations with six correlated electrons can be performed only with relatively small basis sets. However, it is possible to have a good approximation of the FCI result by using string-TCI.
In these calculations we used as reference the CAS-SCF MO space split into six active orbitals (those deriving from combinations of boron 1s, 2s, 2p, and hydrogen 1s atomic orbitals) and the remaining virtual orbitals. Only strings with, at most, two virtual orbitals are kept, while the others are discarded. In this way, we include all the determinants of the four-electron FCI space, plus a large fraction of those determinants where one or both the 1s electrons of boron are excited. Of course the TCI energy computed in this way is a rigorous upper bound to the six-electron FCI energy computed with the same basis set. Since for the two separated atoms we used the exact FCI energies, our TCI value for D e is a lower bound to the corresponding FCI result obtained with the same basis set.
Using both the CRAY-C90 and CRAY-T3D version of our code, we performed TCI calculation on X 1 R + and A 1 P states with all the basis sets previously used for the valence FCI calculations, except the largest one. In order to correlate the boron 1s orbital, all the 14 stype gaussians of the original ANO basis set were left completely uncontracted.
Low-lying state results
The potential energy curves of the 20 states obtained with the b3 basis set are reported in ® gures 1 to 5, according to symmetry. Figure 1 As already mentioned, with the basis set b5, we studied the lowest state in each symmetry, that is the ence from the calculated values are respectively 13, 24 and 6 cm -1 . As regards the electronic term, T e , we can compare our results with the experimental values of A 1 P and C Â 1 n states, from which the di erence is respectively 240 and 600 cm -1 . It would be interesting to repeat all these calculations with a larger basis set and the inclusion of the correlation of 1s 2 electrons. However, the most important states to investigate, also from an experimental point of view, are the X 1 R + and A 1 P . We thus studied, with more extended basis sets, only these two states, to determine to better accuracy the values of the spectroscopic constants.
X
1 R + and A 1 P state results The complete set of results concerning these two states is reported in tables 3 to 7 and in ® gures 6 and 7. The results obtained with the basis set superposition error (BSSE) correction are also reported in each table.
In table 3 we report the FCI results obtained with the b5 basis set for both states. The whole trend of the FCI Study of low-lying states of the BH molecule 867 results as a function of the basis set is resumed in ® gures 6 and 7, respectively, and in the following discussion we will refer to these ® gures when mentioning the FCI values of D e and H b obtained with the di erent basis sets.
The FCI calculations with the b5 basis set have been performed also at long internuclear distances, namely at 10 . 00, 20 . 00 and 30 . 00 au. (In the tables we do not report the absolute value of the energy at these distances, which are available upon request.) These calculations indicate that the energy of the molecule in both X 1 R + and A 1 P states converges monotonically to the sum of the separated-atom energies, and they thus con® rm that the method used is accurate at long distance.
The TCI results for the X 1 R + are reported in table 4. It can be noted that D e increases as a function of the basis sets.
For the ® rst two basis sets the TCI results can be compared to the corresponding FCI ones obtained by correlating all the six electrons, (B1 t to B1 and B2 t to B2). The di erence between FCI and TCI is less than 0 . 01 kcal mol - 1 and it indicates that the TCI results are a good approximation to the FCI ones.
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L. Gagliardi et al. The TCI results have to be compared with the FCI ones (4 electrons) to assess the e ect of 1s correlation. With the basis set including the highest angular momentum orbitals (b5), only the FCI calculations correlating the four valence electrons were performed. To have an idea of the e ect of the correlation of 1s orbitals for this basis set, we consider how it a ects the previousbasis results. In going from b1, b2, b3, b4, respectively, to B1 t , B2 t , B3 t , B4 t , the value of D e increases of 0 . 68, 0 . 40, 0 . 61, 0 . 64 kcal mol -1 , respectively. This indicates that, for the e ect of the 1s correlation, the value of D e probably should be increased by a quantity in the range of 0 . 6± 0 . 8 kcal mol -1 .
Let us now consider the correction to BSSE for the value of D e . To estimate the BSSE we used the standard counterpoise method [33] , in which the separatedfragment energies are computed in the total basis set of the system. In the valence FCI results it goes from 0 . 74 (b1) to 0 . 12 kcal mol -1 (b5), while at TCI level it has been determined only for the ® rst three basis, and it is slightly larger: from 1 . 11 (B1) to 0 . 66 (B3). According to Bauschlicher et al. [11] for a basis set of the size of our largest one (b5), a reasonable estimate of the basis set incompleteness error is 1 . 5 times the magnitude of the BSSE. That is, instead of subtracting the BSSE correction, we add 1 . 5 times this value to D e to account for the basis set incompleteness. Our best estimate for D e of 85 . 11 kcal mol -1 is thus obtained by adding to the value computed with b5 (84 . 23), 0 . 7 kcal mol -1 for the 1s correlation and 0 . 12´1 . 5 = 0 . 18 kcal mol -1 for the basis set incompleteness. In ® gure 6 all the information about D e are presented. We report D e as a function of the number of orbitals for the valence FCI calculations and TCI ones, without and with the BSSE correction. The slope of all the curves decreases after the inclusion of the second f orbital in the basis set, and a further decrease occurs with the inclusion of the g orbital in the b-basis curves, which means that the basis is reasonably close to completeness.
The value of D e has been determined also via the isogyric reaction (D e , and in this way, it is more stable within the basis sets ( with the b5 basis, while in tables 6 and 7 those obtained at TCI including the 1s correlation.
For the ® rst basis, B1 t , the corresponding FCI calculation (B1) was performed and the di erence in the value of H b is only of 0 . 02 kcal mol - 1 .
The inclusion of 1s correlation (TCI) (compare table 7 with table 3) implies a decrease in H b of 0 . 13 kcal mol -1 from b1 to B1 t , 0 . 11 from b2 to B2 t , 0 . 17 from b3 to B3 t , and 0 . 18 from b4 to B4 t . We can thus say that the 1s correlation decreases the value of H b by about 0 . 2 kcal mol - 1 .
The BSSE on the value of H b is not negligible for the smaller basis sets, while it reduces to 0 . 04 kcal mol -1 for b5, and in any case it is lower than in the region close to the minimum, since the barrier occurs at longer distance than the minimum. Taking into account a correction of about 0 . 2 kcal mol -1 for the 1s correlation and 0 . 04´1 . 5 = 0 . 06 for the basis set incompleteness, to subtract from the value of H b obtained with b5, the ® nal estimate of H b is in the range of 1 . 95± 2 . 00 kcal mol -1 . The value of H b for A 1 P is reported in ® gure 7 as a function of the number of orbitals, within the di erent methods. As in the case for D e , we note that the slope of the curves decreases after the inclusion of the second f orbital in the basis set (b4, B4 t ), indicating that the basis set approaches completeness.
If we consider the upper limit for D e of 86 . 0 6 0 . 4 kcal mol -1 , derived from the experimental predissociation data [2] assuming a zero height for the barrier, we note that it slightly di ers from the sum of D e and H b , 86 . 43 kcal mol -1 (86 . 35 with BSSE correction) obtained with the b5 basis.
Conclusions
In this FCI study on the BH molecule, the potential energy curves of 20 electronic states have been computed, some of which had never been published before. For the two most important states, X 1 R + and A 1 P , the spectroscopic constants have been determined with basis sets of increasing quality, including the 1s correlation. The results obtained for D e and H b are not in agreement with those reported by Huber and Herzberg [1] , Gusta son and Rittby [5] and Persico [13] , while they con® rm the results of Bauschlicher et al. [11] . 
